Prostaglandin E2 (PGE2) released during hypercapnic challenge increases Ca 2+ oscillation 31 frequency in the chemosensitive parafacial respiratory group (pFRG/RTN). Here, we 32 demonstrate that pFRG/RTN astrocytes are the PGE2 source. Two distinct astrocyte subtypes 33 were found using transgenic mice expressing GFP and MrgA1 receptors in astrocytes. 34 Although most astrocytes appeared dormant during time-lapse calcium imaging, a subgroup 35 displayed persistent, rhythmic oscillating calcium activity. These active astrocytes formed a 36 subnetwork within the respiratory network distinct from the neuronal network. Activation of 37 exogenous MrgA1 receptors expressed in astrocytes tripled their calcium oscillation 38 frequency activity in both the preBötzinger complex and pFRG/RTN. However, neurons in 39 the preBötC were unaffected, whereas neuronal calcium oscillatory frequency in pFRG/RTN 40 doubled. Notably, astrocyte activation in pFRG/RTN triggered local PGE2 release and 41 blunted the hypercapnic response. Thus, astrocytes play an active role in respiratory rhythm 42 modulation, modifying respiratory-related behaviorthrough PGE2 release in the pFRG/RTN. 43 48 Fresemann et al. 2011, Okada, Sasaki et al. 2012). Further, brainstem astrocytes respond to 49 changes in blood gas levels (Angelova, Kasymov et al. 2015), especially in the 50 chemosensitive region the parafacial respiratory group/retrotrapezoid nucleus (pFRG/RTN) 51 (Huckstepp, Bihi et al. 2010). During the hypercapnic response, carbon dioxide (CO2) causes 52 a vesicle-dependent release of ATP from astrocytes (Fukuda, Honda et al. 1978, Erlichman, 53 Leiter et al. 2010, Gourine, Kasymov et al. 2010, Huckstepp, Bihi et al. 2010, Turovsky, 54 Karagiannis et al. 2015, Turovsky, Theparambil et al. 2016). ATP may also be released in a 55 vesicle independent manner through CO2-sensitive gap junctions (Huckstepp, Bihi et al. 2010, 56 Huckstepp, Eason et al. 2010, Meigh, Greenhalgh et al. 2013). ATP then increases inspiratory 57 frequency through actions on P2 receptors located in neurons in both the pFRG/RTN and the 58 preBötC (Lorier, Huxtable et al. 2007, Gourine, Kasymov et al. 2010). Acting via EP3 59 receptors, prostaglandin E2 (PGE2) also alters respiratory network activity by inhibiting 60 signaling frequency in the preBötC while increasing it in the pFRG/RTN (Forsberg, Horn et 61 al. 2016). Additionally, the response to hypercapnic and hypoxic challenges are blunted by 62 PGE2 (Hofstetter, Saha et al. 2007, Siljehav, Olsson Hofstetter et al. 2012, Siljehav, 63 Hofstetter et al. 2015). Because PGE2 is released through gap junctions during hypercapnia, 64 and since some astrocytes in the pFRG/RTN express the primary enzyme involved in PGE2 65 synthesis (i.e., mPGEs-1) (Forsberg, Horn et al. 2016), we hypothesized that hypercapnia 66 induces astrocytes to release PGE2 in addition to ATP. Thus, astrocytes may also modulate 67 respiratory-related network rhythms via the downstream actions of PGE2. 68 4 To investigate the role of astrocytes in respiratory rhythm-generating networks and 69 determine whether astrocytes release PGE2, we utilized organotypic brainstem slice cultures 70 (Forsberg, Horn et al. 2016, Phillips, Herly et al. 2016) of B6.Cg-Tg(hGFAP-tTA:: tetO-71 MrgA1)1 Kdmc/Mmmh mice (GFAP MrgA1+ ) in which green fluorescent protein (GFP) and the 72 MrgA1 receptor (MrgA1R) were expressed under control of the promoter for glial fibrillary 73 acidic protein (GFAP), a generally used marker for astrocytes (Brenner, Kisseberth et al. 74 1994). The MrgA1R is an endogenous Gq-coupled receptor that is normally not expressed in 75 the brain. Rather, MrgA1R is expressed exclusively in the dorsal root ganglion nociceptive 76 sensory terminals of the spinal cord (Fiacco, Agulhon et al. 2007) and is activated by RF 77 peptides (Dong, Han et al. 2001). Consequently, we could selectively activate brainstem 78 astrocytes using synthetic Phe-Leu-Arg-Phe-amide (FLRF) (Young, Platel et al. 2010, Cao, Li 79 et al. 2013).
Introduction 44
In the last decade, it has become evident that astrocytes are involved in respiratory 45 behavior; electrically active astrocytes are present in the brainstem respiratory center the 46 preBötzinger Complex (preBötC) (Grass, Pawlowski et al. 2004 ) and exhibit rhythmic calcium (Ca 2+ ) oscillations associated with the respiratory-related neuronal rhythm (Schnell, preBötC were astrocytes (Figure 2a and b , p < 0.05 when comparing the pFRG/RTN and the 137 preBötC, n = 41 slices; see Table 2 for a list of all statistical tests used for all comparisons in 138 the present study). 139 On the basis of a correlated cell activity analysis (Smedler, Malmersjo et al. 2014, 140 Forsberg, Horn et al. 2016) , we determined that the active astrocytes within the pFRG/RTN 141 and within the preBötC formed specific networks. These networks differed from those of non-142 astrocytes, that is, neurons (Figure 3a and b; see Table 1 for the number of times each 143 experiment was conducted), but displayed similar network structures (Figure 3c and e) . The networks. In the pFRG/RTN, 18% ± 13% of the astrocytes are active. Of the total number of 158 active cells, 40% ± 12% are astrocytes (GFAP+) (a). In the preBötC, 13% ± 7% of the 159 astrocytes are active, and only 20% ± 9% of the total number of active cells are astrocytes (b).
160
Data are presented as the mean ± SD. Together, this interconnected network is the whole respiratory network (a, b). All 170 subnetworks have similar network properties (c, e), except the connectivity of the astrocyte-171 neuron network in the preBötC, which is slightly and nonsignificantly less than that of the 172 other subnetworks (e). The pFRG/RTN consists of equal parts of the three subnetworks (d), 173 whereas the preBötC network is predominantly neuronal (f). Data are presented as the mean ± 174 SD.
Under control conditions, astrocytes displayed a low oscillating frequency (19 ± 8 mHz statistically significant), similar to that described previously for active astrocytes (Grass, Pawlowski et al. 2004 , Schnell, Fresemann et al. 2011 , Okada, Sasaki et al. 2012 Fresemann et al. 2016 ). The frequency displayed by the astrocytes in each region was lower 181 than that shown by the neurons in the respective regions (preBötC: 90 ± 40 mHz, n = 22 182 slices, p < 0.05 compared with astrocytes; pFRG: 106 ± 58 mHz, n = 19 slices, p < 0.05 183 compared with astrocytes). We did not register nerve output signals in the present study and 184 can therefore not evaluate whether astrocytic signaling was phase-locked with the respiratory 185 output.
186
Next, we activated the GFAP MrgA1+ astrocytes by applying the MrgA1R ligand FLRF, 187 which increased the Ca 2+ -signaling frequency of astrocytes in both the pFRG/RTN and the 188 preBötC (Figure 4a and b) . In the pFRG/RTN, astrocyte activation also induced an increase 189 in the signaling frequency of the non-astrocytes (Figure 4a and b) . This is in contrast to the 190 preBötC, wherein non-astrocytes retained their Ca 2+ -signaling frequency independent of 191 astrocyte stimulation (Figure 4a and b) . Inactive astrocytes showed a single Ca 2+ peak 192 shortly after the application of FLRF, but returned to the inactive state within 10 s ( Figure   193 4a). The stimulation of astrocytes did not affect the network structures of the astrocytic, 194 neuronal, or complete respiratory networks (Figure 4c) . Astrocytes in slices derived from WT mice did not react to the application of FLRF (Figure 4b) . While these findings suggest that astrocytes do not directly modify neuronal activity in the 208 preBötC, astrocytes may, nonetheless, be important for the maintenance of the respiratory 209 rhythm generation in this complex. For instance, the astrocyte inhibitor methionine 210 sulfoximine depresses breathing in vivo (Young, Dreshaj et al. 2005) , and glial inhibitors 211 (fluorocitrate, fluoroacetate, and methionine sulfoximine) reduce respiratory-related activity 212 in the preBötC in vitro (Erlichman, Li et al. 1998 , Huxtable, Zwicker et al. 2010 . In addition, 213 hypoxia can induce a Ca 2+ influx in preBötC astrocytes, inducing a release of ATP (Gourine, 214 Llaudet et al. 2005 , Angelova, Kasymov et al. 2015 . This helps to maintain the inspiratory-215 related rhythm generation in the preBötC during post-hypoxic depression (Gourine, Llaudet et 216 al. 2005 ). Although we did not measure an increase in neuronal network burst frequency after 217 astrocyte-specific activation, we did not test responses under hypoxic conditions.
218
Our data suggest that, in contrast to their function in the preBötC, astrocytes in the 219 pFRG/RTN modulate respiratory network activity. This corroborates the results of previous 220 studies that have demonstrated the involvement of astrocytes in chemosensitivity through 221 purinergic signaling (Erlichman, Leiter et al. 2010 , Gourine, Kasymov et al. 2010 Bihi et al. , Gourine and Kasparov 2011 , Angelova, Kasymov et al. 2015 . In one of our 223 recent articles, we suggested that astrocytes release PGE2 (in addition to ATP) in response to 224 a hypercapnic challenge (Forsberg, Horn et al. 2016) . This would in part explain the 225 interaction between chemosensitivity and the inflammatory system observed in several studies 226 (Hofstetter, Saha et al. 2007 , Siljehav, Olsson Hofstetter et al. 2012 2014, Forsberg, Horn et al. 2016) . Moreover, in human neonates, rapid elevation of brainstem 228 PGE2 during infectious events is associated with and may explain the initial presenting Because a hypercapnic challenge triggers a gap junction mediated release of PGE2 233 (Forsberg, Horn et al. 2016) , we hypothesized that astrocyte stimulation would trigger a 234 similar release. Indeed, we found that after FLRF application, the PGE2 levels in the artificial 235 cerebrospinal fluid (aCSF) doubled in the pFRG/RTN (Figure 5a , n = 8 slices, p < 0.05). The 236 increase was transient, similar to the PGE2 release that occurs during hypercapnia (Forsberg, 237 Horn et al. 2016) . By contrast, the PGE2 levels remained unaffected by FLRF application in 238 the GFAP MrgA1+ preBötC slices (n = 3 slices) and both the pFRG/RTN and preBötC regions in 239 the WT slices (n = 2 slices for each region). These results indicated that the pFRG/RTN 240 contains chemosensitive astrocytes that release PGE2 upon hypercapnic challenge. The 241 physiological effect of the released PGE2 is likely multifactorial. We previously demonstrated 242 that PGE2 is involved in the stimulation of the pFRG/RTN (Forsberg, Horn et al. 2016) , 243 similar to the effects of ATP (Gourine, Kasymov et al. 2010) . Although ATP counteracts the 244 vasodilatory effect of CO2/H + during hypercapnia in the ventral brainstem (Hawkins, 245 Takakura et al. 2017), the role of PGE2 in the microcircuits controlling brainstem blood flow 246 will require further investigation. 247 We also determined that pre-activation of astrocytes blunts the hypercapnic response in 248 the pFRG/RTN (Figure 5b, n = 8 slices) . This result suggested that existing PGE2, and likely 249 other gliotransmitters, is released after activation, depleting the stores. Extracellular pH is 250 retained during hypercapnia in our system (Forsberg, Horn et al. 2016) , but CO2 can pass over 251 the cell membrane and decrease the intracellular pH. This decreased pH drives bicarbonate 252 and sodium ions into the cell, triggering a Ca 2+ influx (Turovsky, Theparambil et al. 2016) . In 253 parallel, CO2 can directly modify connexin 26 hemichannels to induce an open state 254 (Huckstepp, Bihi et al. 2010 , Meigh, Greenhalgh et al. 2013 ). Thus, it is possible that the 255 mechanism behind the gliotransmitter release during hypercapnic challenge is different from 256 that of the FLRF-induced activation and Ca 2+ influx. The design of the present study could not discern between PGE2 released from active and inactive astrocytes or determine whether 258 PGE2 directly affected neurons or acted via intermediate astrocytes. In the pFRG/RTN, 259 prostaglandin EP3 receptors have been found on both neurons and astrocytes (Forsberg, Horn 260 et al. 2016) . Thus, the different pathways as well as the kinetics associated with the effects of 261 PGE2 will require further investigation. Hypercapnia did not affect the preBötC activity 262 (Figure 5c , n = 6 slices), consistent with the results of our previous study (Forsberg, Horn et 263 al. 2016) . In summary, these results indicated that the pFRG/RTN contains astrocytes that are 264 able to react to CO2 and release PGE2 (and possibly other gliotransmitters) to modify the 265 behavior of the neuronal population. This type of astrocytic responsiveness and modifying 266 effect was not detected in the preBötC. 
Materials and Methods

288
Subjects
289
Mice expressing green fluorescent protein (GFP) under the GFAP promoter were used.
290
Frozen sperm from the GFAP-tTA (Lin, Kemper et al. 2004 , Pascual, Casper et al. 2005 and Health. The strains were re-derived by the Karolinska Center for Transgene Technologies, 294 and the offspring were crossed as previously described (Fiacco, Agulhon et al. 2007 ). The (Herlenius, Thonabulsombat et al. 2012 , Forsberg, Horn et al. 2016 . Transverse 306 slices (300 µm thick) were maintained in culture for 7 to 14 days. Slices were selected by 307 using online anatomical references (Ruangkittisakul, Schwarzacher et al. 2006 ,
Immunohistochemistry
The immunohistochemistry procedure was the same as that described previously (Forsberg, 
